We design low-thrust gravity-assist trajectories to Jupiter via gravity assists from Venus, Earth, and Mars. Trades between time of flight, mass, and hardware specifications are examined for various flyby bodies such as Mars, Earth, Venus-Earth, and Venus-Venus. We find (locally) propellant-optimal trajectories for ranges of specific impulse and specific mass that represent present-day technologies (such as an ion thruster with a radioisotope power source) and future technologies (such as a nuclear-powered magnetoplasmadynamic thruster which may be available in 10 to 15 years). We consider the 35-year launch period from
I. Introduction
HE Galileo spacecraft which orbited Jupiter from 1995 to 2003 observed intense volcanic activities on Io and collected evidence that there may be oceans beneath the surfaces of Europa, Ganymede, and Callisto. The icy subsurface oceans of Europa is believed to be the largest body of water in our solar system, making this moon a prime destination in a search for life beyond Earth. As mission designers continue to explore trajectory options to Jupiter, the proven technique of gravity assist, which has enabled and enhanced numerous missions, will likely play a role in future missions. Whereas Petropoulos et al. 1 identify numerous ballistic trajectories that are attractive for missions to Jupiter, the design space of trajectories is further expanded by advances in electric propulsion. Despite of its low level of thrust, electric propulsion can accelerate a spacecraft to a high speed over a sufficiently long period of time. Of primary interest are missions that could combine the benefit of electric propulsion and gravity assists.
T
The design space of low-thrust, gravity-assist trajectories is large: considering missions to Jupiter with up to three gravity assists, including such paths as Earth-Jupiter (direct), Earth-Venus-Jupiter, Earth-Earth-Mars-Jupiter and Earth-Venus-Earth-Earth-Jupiter, there are 1+3+3 2 +3 3 = 40 possible paths to Jupiter via gravity assists from Venus, Earth and Mars; 121 paths if up to four flybys is considered. Furthermore, low-thrust trajectories can have more than one locally optimal trajectory near the launch date, because trajectories can have different number of revs for the same time of flight (TOF) . If the TOF is allowed to vary, then we will find a family of locally optimal solutions associated with the range of TOF. In Refs. 2-4 Parcher and Sims examine such trades between the final mass and TOF for a number of paths to Jupiter for Earth launch in the years 2011 and 2012.
Unlike conic trajectories, in which a propellant-optimal solution is identical regardless of the size of the spacecraft, the characteristics of the low-thrust trajectories and electric-propulsion hardware are tightly coupled. Thus, different types of spacecraft, for example, a small radioisotope-powered spacecraft with an ion thruster and a large nuclearpowered spacecraft with a magnetoplasmadynamic (MPD) thruster, will likely fly different trajectories. Our objective is then to design trajectories to Jupiter and study how trajectory characteristics vary when subject to variations in TOF and hardware parameters. We focus our study on nuclear electric propulsion (NEP), in which, unlike in the case for the solar electric propulsion (SEP), the power level can be maintained regardless of its distance from the sun. Nuclear power enables not only years of scientific investigations at this far-from-sun planet but also rendezvous via electric propulsion upon arriving to Jupiter, eliminating the need for a large arrival insertion maneuver by a chemical stage which may be necessary in the case of SEP.
With the objective of rendezvous in mind, cases considered in this paper achieve zero arrival V ∞ at Jupiter. We use Jupiter Icy Moons Orbiter (JIMO) [5] [6] [7] [8] [9] hardware parameters to allow comparisons with previous studies. 9 Table 1 shows representative parameters for the JIMO spacecraft with a reactor of 100-kWe class. The Earth departure mass is 20,000 kg when the launch V ∞ is zero. (For a given launch vehicle with a specified LEO payload capability, injected mass to the interplanetary trajectory reduces if greater launch energy is required, because more of the LEO payload must be used for the upper-stage mass.) Because our spacecraft mass is so large (i.e. the mass of the JIMO spacecraft), we assume a fictitious launch vehicle twice the LEO-payload capability of the Delta IV Heavy launch vehicle. 10 which was launched in 1998 and performed flybys of an asteroid and a comet.) The propulsion system considered for JIMO is an improved version of the NSTAR engine of the Deep Space 1 spacecraft. 10 Although ion thrust is a promising choice for interplanetary missions, there are a number of engines (electrothermal, electrostatic, and electromagnetic) with wide ranges of specific impulse, overall efficiency, thrust density, technological maturity, and power levels. We investigate the impact of these spacecraft parameters on low-thrust trajectories.
II. Design Method
Relatively few studies have been published on how to obtain an initial guess for optimization of low-thrust, gravity-assist trajectories. In this paper we make use two types of initial guesses: exponential-sinusoid arcs in the "shape-based method" and conic arcs in the "continuation method."
In the shape-based method, proposed by Petropoulos and Longuski, 11-14 a low-thrust trajectory is assumed to follow the shape of exponential sinusoids, defined by parameters specified by a mission designer. Such low-thrust arcs patched together with conic arcs at the gravity-assist bodies serve as excellent initial guesses.
We also use an approach, in which low-thrust trajectories are designed by gradually perturbing conic trajectories via a continuation method-a process of converting impulsive maneuvers into low-thrust arcs. While this continuation method requires a number of iterations in the optimization run, being able to capitalize on the wealth of available patched-conic trajectories (which appear in the literature) is an advantage. This method is particularly beneficial when we expect the low-thrust solution to be close to the conic solution.
To facilitate the design process of finding promising trajectories and then to optimize them, we make use of the Satellite Tour Design Program (STOUR) [15] [16] [17] [18] [19] and the Gravity Assist Low-thrust Local Optimization Program (GALLOP). [20] [21] STOUR was originally developed by the Jet Propulsion Laboratory (JPL) at California Institute of Technology for the mission design of the Galileo tour of Jupiter and was later enhanced at Purdue University to incorporate such capabilities as automated propagation of pure-gravity-assist, aero-gravity-assist, and low-thrust gravity-assist trajectories. GALLOP, which was developed at Purdue University for JPL (based on earlier work by Sims and Flanagan 23 ), models low-thrust arcs as series of impulses connected by conics and either maximizes the final spacecraft mass or minimizes the initial mass.
A. Exponential Sinusoids as Initial Guesses
By using STOUR-LTGA (for Low Thrust, Gravity Assist) developed by Petropoulos and Longuski, we patch conics and exponential-sinusoid arcs to simulate low-thrust trajectories for the following paths: Earth-Mars-Jupiter (EMJ), Earth-Venus-Earth-Jupiter (EVEJ) and Earth-Earth-Mars-Jupiter (EEMJ). These solutions are then used as initial guesses in the optimization. In the GALLOP solutions, some of the optimization variables, such as flyby dates, are frozen to allow quick comparisons with the original exponential-sinusoid case. The converged solutions are thus considered intermediate for mission purposes (even though they are feasible and optimal in the mathematical sense); and further bootstrapping is necessary to make them meet the hardware and mission requirements for Jupiter rendezvous missions (assuming JIMO spacecraft hardware). Figure 1 shows a variety of potential EMJ missions during the launch period between January 2010 and December 2044 with an increment of 60 days. In this search, we only look for missions with a total TOF of 6.3 years or less. The Earth launch V ∞ range is 3 to 6 km/s with an increment of 0.5 km/s, and the average and American Institute of Aeronautics and Astronautics maximum accelerations (for the low-thrust engine) are 0.11 mm/s 2 and 0.25 mm/s 2 , respectively. We note that during the initial-search phase, it is unnecessary to match the acceleration values and the hardware. In fact, we often allow much higher accelerations for the STOUR search, knowing that these apparent constraint violations are often repaired during the optimization process by allowing the variables (e.g. flyby dates) to move freely. In the left plot in Fig. 1 , attractive candidates are in the left bottom corner because of their low propellant-mass fractions and their low TOF. Further inspection is necessary, however, as not all cases will converge in the optimizer. Table 2 ). We see how well the exponential sinusoid in STOUR-LTGA serves as an initial guess for GALLOP, in which low-thrust arcs are approximated as a series of impulsive ΔV maneuvers. As noted earlier, this GALLOP solution is still intermediate for mission-design purposes, because the launch, flyby and arrival dates are frozen to allow comparison to STOUR-LTGA. (Thus the computed final mass at Jupiter arrival, currently 17,311 kg, will change once we pose hardware and mission constraints.) Figure 3 shows over 15,000 EEMJ trajectories that are identified by the STOUR-LTGA search. The cases with low PMF and low launch V ∞ (inside of the Box A in the plot) may seem attractive, but our inspections reveals that these trajectories have difficulty converging or have an extremely short (i.e. days to weeks) transfer to the first Earth flyby. An EEMJ mission encountering Earth immediately after the Earth launch has no advantage over an EMJ mission for practical purposes. So this is one of the examples, where we specifically look for cases with sufficiently high launch V ∞ and sufficiently long TOF to the first flyby. The selected trajectory pointed by the arrows has launch V ∞ of above 3 km/s, but has relatively low PMF and acceptable TOF. In Fig. 4 we have trajectory plots for the selected EEMJ trajectory from STOUR-LTGA and GALLOP. In this converged solution (nevertheless intermediate for the mission purposes) solution on the right, the launch date, the flyby date, and the Jupiter arrival date are frozen. We see that the Earth flyby is not effectively used here, as indicated by the high Earth flyby altitude (Table 3) . Again, the Jupiter arrival mass, currently 16,386 kg, will change once subject to hardware and mission constraints and dates are freed. Finally, we present two EVEJ trajectories that are selected from the STOUR search and recomputed in the GALLOP optimization. Again, they are intermediate results: in both cases the Earth departure mass are 20,000 kg regardless of the launch V ∞ , and the Jupiter arrival V ∞ is unconstrained. To design a mission that is consistent with the hardware and the mission requirements, we use a GALLOP solution (such as the ones presented in this section) as an initial guess for a further bootstrapping. The technique of using a known solution to obtain a near-by solution can be taken to its extreme, in which low-thrust trajectory is designed from a conic solution via a number of iterations. 
American Institute of Aeronautics and Astronautics

B. Conic Trajectories as Initial Guesses
We can simulate a patched-conic trajectory in our optimizer by assuming a vehicle with an unrealistically highacceleration (by assuming a high thrust for a given spacecraft mass or a small mass for a given thrust). Once we have a simulated conic trajectory in our low-thrust optimizer, we then use the solution as initial guess for the next optimization run, except that the spacecraft acceleration for the subsequent run is slightly lower than the previous one. As we repeat this process, the impulsive maneuver is gradually converted into a continuous thrust arc. In some cases, the thrust arcs will fill the entire transfer leg, so that the spacecraft is providing its maximum thrust at all time. To decrease the acceleration even further, we must relax our TOF constraint. Repeating this process of incrementally increasing TOF and decreasing the acceleration, we can eventually obtain a solution for the spacecraft mass consistent with the mission requirements.
The conic initial guesses used in this section are reported by Petropoulos et al. in Ref.
1, in which trajectories to
Jupiter are searched assuming a conventional spacecraft that performs ΔV via chemical propulsion. Table 5 km/s during the Venus-Venus leg and the Venus-Jupiter leg, respectively. As we convert this conic solution to a low-thrust trajectory, we also reduce the Jupiter arrival V ∞ to zero. With our launch vehicle model, the final mass was maximized at the launch V ∞ of 1.45 km/s. We "pay" for the reduction in the launch and arrival V ∞ by increasing the TOF by one year, thus fully utilizing the propellant-efficient electric propulsion to achieve a sufficiently high final mass. This process of converting the initial conic solution to the final low-thrust solution took some 30 iterations. (Because the optimizer converges faster if an optimal solution is near the initial guess, we can sometimes reduce the overall computation time with more number of iterations.) There is a clear trade between the launch energy and the TOF: a small launch V ∞ will increase the total TOF, because of the longer TOF required for the Earth-Venus leg, as electric propulsion needs sufficiently long time to achieve the necessary ΔV. The trajectory plot of our EVVJ trajectory is shown in Fig. 5 .
Similarly, starting from a conic trajectory, we obtain the following EMJ mission ( Table 6 
III. Variation over Launch Opportunities
There exists direct trajectory to Jupiter every 13 months, the synodic period of Earth and Jupiter. However, a repeatability of a trajectory is less certain when gravity assists are employed. The conic trajectories of the EMJ path, for example, exhibit no clear periodicity as seen in our STOUR search results. To illustrate this point, Fig. 6 shows missions with the launch V ∞ of 4 km/s; no constraints are posed on the Jupiter arrival speed. We see that for the frozen value of launch energy, the launch opportunity does not come often even though we set the minimum flyby altitude to a negative value of -3000 km to allow for the broadest ranges of trajectories. (In fact, all cases shown in this plot involve impractical subsurface flybys.) Similarly, when we consider the launch V ∞ values of 4, 6, and 8 km/s, we find approximately 1,300 trajectories, but only 4 of them has the Mars flyby altitude above 0 km.
Fig. 6 EMJ Ballistic Trajectories.
Because of electric propulsion's ability to vary thrust (in magnitude, direction, and duration), raising the flyby altitude above the constraint and adjusting TOF to match the phasing of the planets can be accomplished with additional ΔV. In fact, low-thrust trajectories are so flexible that there are usually more than one trajectory families (with different number of revs) that achieve the same TOF near the launched date (Fig. 7) . In Fig. 8 we examine performance variations of the EMJ trajectories over different opportunities. Each data in the plot represents a mass-optimal solution for given maximum-TOF constraint (shown on the horizontal axis). As in the studies by Parcher and Sims, [2] [3] [4] we see that the final mass usually increases as the TOF increases. Among the launch periods we studied, missions launched in 2022 and 2026 have the final mass greater than the cases in 2031/2032 by more than 1,000 kg. The difference in the final mass is more evident for when tighter TOF American Institute of Aeronautics and Astronautics constraints are posed. For example, although the long-leg solutions in 2022 and 2026 have the same final mass at TOF of 6 years, the 2026 case performs poorly when the TOF is reduced to 5.2 years; the difference between these two cases widens to about 2,000 kg (10% of the initial mass). For missions in 2022, the short-leg solution is more effective when the TOF is less than about 5 years. For TOF longer than 5 years, the best performance cases are given by the 2026 short-leg, 2022 long-leg, and 2026 long-leg solutions. 
IV. Hardware Trade
When we consider an NEP spacecraft, a larger vehicle has a scaling advantage in the nuclear dynamic power system; the specific mass of the power system may be as high as 30-40 kg/kW e at 100kW e but as low as 5 kg/kW e at 100 MW e . 23 Furthermore, the number of required thrusters, and mass thereof, can be reduced by employing thrusters with higher thrust density. For instance, a single MPD thruster produces thrust on the order of tens of newtons, as opposed to hundreds of milli-newtons for an ion thruster. Thus, to achieve a higher acceleration the assumed vehicle size is usually larger.
Due to the difference in their acceleration (and their I sp ), spacecraft of different sizes fly different trajectories. Let us now assume a Jupiter rendezvous mission with a hypothetical NEP vehicle. In Fig. 9 on the left, we have a trajectory plot of an Earth-Venus-Venus-Jupiter trajectory assuming a ficticious spacecraft that is a 26% scaleddown version of JIMO: although the mass is reduced to a quarter of its original size (to fit the payload capacity of an Atlas 531), the thrust and the mass-flow rate are reduced accordingly, so that the resulting trajectory is identical to the one for the full-size JIMO. The bias due to the difference in the launch vehicle is negligible.
In practice, however, the power capability of this smaller spacecraft will be much less than 26% of JIMO due to its higher specific mass. For a spacecraft that could be launched by an Atlas 531, it is probably more realistic to assume a radioisotope electric propulsion (REP) spacecraft with a power level of around 1 kW e as reported by Bonfiglio et al. in Ref 24. For such a low level of power, thrust can be increased by reducing I sp . When we assume hardware parameters similar to the one reported in Ref. 24 , the propellant mass fraction and TOF must increase as shown in Fig. 9 and Table 8 .
American Institute of Aeronautics and Astronautics a Assumed launch vehicle is Atlas 531, which has the capability to inject 5212 kg of payload for launch V ∞ =0.
In Fig. 10 , the "final mass vs TOF trades" for EMJ trajectories are computed for I sp values of 3000, 6000, and 9000 s and for thrusts of 1, 2, and 10 N. For a given I sp and thrust, there appears to be asymptotic limits for the final mass when the TOF is unconstrained. In principle, although not shown on this plot, there is a shortest TOF possible for given spacecraft parameters, which occurs when the engine is thrusting continuously.
In all cases a higher I sp results in a higher final mass. But at high I sp values, there are diminishing returns (especially when the acceleration is low). For example, there is little difference in m f for I sp between 6000 and 9000 s for the 1-N case.
Since m o is kept the same for all three thrust levels, a higher thrust results in a higher acceleration. However, we note that a higher thrust for the same mass is tantamount to assuming lower specific mass, or equivalently, assuming more advanced technologies. (As we have noted, a more massive spacecraft provides lower specific mass for the same level of technology.) Similar trends are observed for the EVEJ path (as shown in Fig. 11 ). We see that the m f -TOF curve shifts upwards and to the left as I sp and accelerations are increased. (The original curve for the JIMO spacecraft is plotted for comparison.) 
V. Conclusion
In this paper we present low-thrust trajectories to Jupiter for Earth launch between 2010 and 2045. We use exponential-sinusoid arcs and conic arcs as initial guesses to obtain EMJ, EEMJ, EVVJ, and EVEJ trajectories. The performance of trajectories involving intermediate flybys varies considerably depending on the mission year (except when the flyby body involves only Earth); in the EMJ case, for example, slips in launch date cause m f variations on the order of 15% of m o or TOF variations of several months to a year. Our m f -TOF trade studies exhibit an expected trend, in which the final mass increases when the TOF is relaxed, but m f approaches an asymptotic limit. A higher I sp helps increase the final mass, although there is a point of diminishing return at a high I sp value especially when the acceleration is low. The propellant mass can be reduced by a higher acceleration (where the mass and I sp are held fixed). This improvement is more evident for cases with tighter TOF constraints. For a given spacecraft mass, the higher-acceleration solutions correspond to higher-technology levels; if the present-day technology is assumed, an increase in the spacecraft size is necessary to achieve a mission requiring low propellantfraction and short time of flight.
